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Edited by Stuart FergusonAbstract During ATP synthesis, ATP synthase has to bind
MgADP in the presence of an excess of MgATP. Thus, for eﬃ-
cient ATP synthesis it would be desirable if incoming substrate
could be bound to a catalytic site with a preference for MgADP
over MgATP. We tested three hypotheses predicting the exis-
tence of such a site. However, our results showed that, at least
in absence of an electrochemical proton gradient, none of the
three catalytic sites has a higher aﬃnity for MgADP than for
MgATP.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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F1F0-ATP synthase couples proton translocation through a
membrane to ATP synthesis and hydrolysis. Coupling is
achieved by a unique mechanism, subunit rotation. In Esche-
richia coli, the F0 subcomplex, which contains the proton chan-
nel, has a subunit stoichiometry of ab2c10; the F1 subcomplex,
which contains the nucleotide binding sites, has a stoichiometry
of a3b3cde. The three catalytic nucleotide binding sites, where
ATP synthesis and hydrolysis occur, are located on the three b
subunits, at the interfaces with the adjacent a subunit. Virtually
all current models for the mechanism of ATP synthesis and
hydrolysis are variations of the ‘‘binding change’’ hypothesis
([1]; for recent reviews, see [2–6]).
One of the basic tenets of the binding change model is that the
three catalytic sites have, at anygivenpoint of time, diﬀerences in
their aﬃnity for Mg2+-nucleotides. Upon rotation of the c sub-
unit by 120, the three sites switch their aﬃnities in a synchro-
nized manner. Using a tryptophan genetically-engineered into
the catalytic site as probe, the aﬃnities could be measured [7–
9]. InE. coliF1 aswell as in the holoenzyme, F1F0,MgATPbinds
to the high-aﬃnity site 1 with a Kd1 in the nanomolar range, to
the medium-aﬃnity site 2 with a Kd2 of 1 lM, and to the
low-aﬃnity site 3 withKd3  30 lM. The overall MgADP bind-
ing aﬃnities are similar or slightly lower [7,10] (see also Fig. 1A).
This latter ﬁnding presents a potential problem for ATP syn-
thesis. Under physiological conditions, there is a high (about
10-fold) excess of ATP over ADP [11,12]. If catalytic site aﬃn-*Corresponding author. Present address: Department of Chemistry
and Biochemistry, Texas Tech University, Lubbock, TX 79409, United
States. Fax: +1 806 742 1289.
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empty sites will be ﬁlled preferentially by MgATP, thereby
not allowing ATP synthesis to proceed. However, there are
indications that in presence of an electrochemical proton gra-
dient the site where incoming substrate is bound has indeed a
higher aﬃnity for MgADP than for MgATP. Although so far
technical diﬃculties have not allowed direct nucleotide binding
aﬃnity measurements in ATP synthase under these conditions,
the Ki for MgATP in ATP synthesis was found to be 5 mM
[13], more than 100-fold higher than the KM for MgADP of
20–40 lM [13–15] (discussed in [16]).
On the other hand, some models suggest that a catalytic site
with a higher aﬃnity for MgADP than for MgATP might exist
even in absence of an electrochemical proton gradient. This
would present a signiﬁcant experimental advantage, as it would
allow to study this site without the complications associated
with generating and maintaining a proton gradient. Further-
more, it would mean that a high-resolution structure of this site
is probably already available, as all X-ray structures of the en-
zyme on hand (summarized in [6]) were obtained in absence of
an electrochemical proton gradient. Given the overall similarity
of the measured Kd values for MgADP andMgATP, a site with
a higher aﬃnity for MgADP would require that two sites had
‘‘reversed’’ aﬃnities for the two nucleotide species, one a higher
aﬃnity forMgATP, the other a higher aﬃnity forMgADP.And
indeed, such scenarios have been postulated [17–20]. According
to Boyer’s suggestion [17,18], the site where catalysis occurs has
high aﬃnity for both nucleotide species, MgATP and MgADP,
which implies that the medium-aﬃnity site for MgADP has to
be the low-aﬃnity site for MgATP and vice versa. According
to a diﬀerent hypothesis, based on free energy simulations, the
bDP site in the crystal structure [21] is the high-aﬃnity site for
MgADP (and has medium aﬃnity for MgATP), while the bTP
site is the high-aﬃnity site forMgATP (and has medium aﬃnity
for MgADP) [19,20]. Thus, in the ﬁrst scenario sites 2 and 3
would have ‘‘reversed’’ their aﬃnities for MgATP versus
MgADP, whereas in the second scenario it is sites 1 and 2 that
would have reversed aﬃnities.
A more recent crystal structure [22] suggested a molecular
mechanism by which a catalytic site may be able to bind
MgADP preferentially. In this structure, the high- and the
medium-aﬃnity sites were ﬁlled with the transition state ana-
log MgADP AlF4 , the low-aﬃnity site with MgADP (plus
sulfate). It was not possible to model MgATP into the low-
aﬃnity site because of steric clashes between the c-phosphate
and the side chain of aR376 1 [22].1 E. coli numbering is used.
blished by Elsevier B.V. All rights reserved.
Fig. 1. Binding of MgATP and MgADP to the catalytic sites of F1-
ATPase. (A) Binding of MgATP (ﬁlled circles) and MgADP (open
circles). Buﬀer was 50 mM Tris/H2SO4, 2.5 mM MgSO4, pH 8.0. Each
data point represents the average of three independent measurements.
The lines represent the theoretical binding curves giving the best ﬁt to
the data points; MgATP, solid line; MgADP, dotted line. Kd values are
given in the text. (B) Theoretical binding curves (colored) for a 1:1
MgATP:MgADP mix under diﬀerent binding scenarions as outlined in
the text. For comparison, the binding curves for MgATP and MgADP
from (A) are shown in black. (C) Experimental binding curve for a 1:1
MgATP:MgADP mix (red symbols). The theoretical binding curves
for the mix from (B) are shown as colored lines.
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for MgADP and MgATP occurred between sites 1 and 2, as
suggested in [19,20], or between sites 2 and 3, as implied in
[17,18], by comparing binding curves for the individual nucle-
otides with those for a 1:1 mixture of both nucleotides. If there
were a reversal of aﬃnities, then, in the concentration range
approximating the Kd values of the aﬀected sites, a 1:1 mixture
should ﬁll the sites to a greater extent than the individual single
nucleotide species would. Furthermore, we tested if ﬁlling the
ﬁrst two sites with MgADP-ﬂuoroaluminate (MgADP Æ AlFx)
can indeed create a site that preferentially binds MgADP, as
suggested in [22].2. Materials and methods
Preparation of E. coli wild-type and bY331W mutant F1, set-up and
evaluation of the ﬂuorescence experiments, and determination of Kd
values are described in [7,23,24]. All ﬂuorescence experiments were per-
formed on a spectroﬂuorometer type Fluorolog 3 (HORIBA Jovin
Yvon, Edison, NJ), at 23 C.
The theoretical curves for the binding of the MgATP/MgADP mix-
ture were calculated using:
m ¼
X3
n¼1
½T 
½T  þ KdTnð1þ ½D=KdDmÞ þ
½D
½DKdDmð1þ ½T =KdTnÞ
 
ð1Þ
where m is the number of occupied catalytic binding sites. [D] and [T]
are the concentrations of free (not enzyme-bound) MgADP and
MgATP, respectively. It should be noted that this equation applies
to any combination of concentrations of MgADP and MgATP, not
only the 1:1 ratio used in the experiments described here. KdTn is the
dissociation constant for MgATP at site n, KdDm is the dissociation
constant for MgADP at the same (physical) site. Thus, if the high-aﬃn-
ity site, the medium-aﬃnity site, and the low-aﬃnity site are the same
for both nucleotides, for n = 1, m = 1; for n = 2, m = 2; for n = 3,
m = 3. If the high-aﬃnity site for MgATP is the medium-aﬃnity site
for MgADP, and vice versa, for n = 1, m = 2; for n = 2, m = 1; for
n = 3, m = 3. If the medium- and low-aﬃnity sites are reversed between
both nucleotides, for n = 1, m = 1; for n = 2, m = 3; for n = 3, m = 2.3. Results
The Trp ﬂuorescence of E. coli bY331W mutant F1 [7] was
used to measure the aﬃnities of the three catalytic sites for
MgATP and MgADP (Fig. 1A). The resulting Kd values
for MgATP were Kd1 = 16 nM, Kd2 = 1.5 lM, Kd3 = 29 lM;
for MgADP, values of Kd1 = 41 nM, Kd2 = 6.0 lM, and
Kd3 = 42 lM were obtained. These results are in agreement
with previous determinations [7,23]. Using these Kd values,
we calculated theoretical binding curves for a titration with a
1:1 mixture of MgADP and MgATP, assuming three diﬀerent
scenarios: (a) The high-aﬃnity site, the medium-aﬃnity site,
and the low-aﬃnity site are the same for both nucleotides
(Fig. 1B, red dashed curve); (b) the high-aﬃnity site for
MgATP is the medium-aﬃnity site for MgADP, and vice versa
(green curve); and (c), the medium-aﬃnity site for MgATP is
the low-aﬃnity site for MgADP and vice versa (blue curve).
From theoretical curves (b) and (c) it is obvious that, in the
concentration range of the Kd values of the aﬀected sites, the
mixture ﬁlls these sites at a lower overall concentration than
the individual nucleotides. Each nucleotide species has access
to a site for which it has the higher aﬃnity.
Fig. 1C shows the results of the actual titration with the 1:1
MgATP:MgADP mix. It is evident that the data points follow
closely the red theoretical line, which assumes that the three
Fig. 2. Binding of MgATP and MgADP to the catalytic sites of F1-
ATPase in presence of azide. (A) Binding of MgATP (ﬁlled circles) and
MgADP (open circles). Buﬀer contained 50 mM Tris/H2SO4, 10 mM
azide, 2.5 mMMgSO4, pH 8.0. Each data point represents the average
of three independent measurements. The lines represent the theoretical
binding curves giving the best ﬁt to the data points; MgATP, solid line;
MgADP, dotted line. Kd values are given in the text. (B) The red
symbols represent the experimental data points for a 1:1 MgATP:
MgADP mix. The colored lines are theoretical binding curves for such
a mix under the diﬀerent binding scenarions described in the text to
Fig. 1B. The binding curves for MgATP and MgADP from (A) are
shown in black.
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reversal in aﬃnities for MgATP and MgADP occurs between
sites.
In the MgATP binding experiments, at high ligand concen-
trations, steady-state catalysis occurs and a substantial amount
of nucleotide on the catalytic sites is actually MgADP. This
was shown using a Trp probe, bW148, that can diﬀerentiate
between bound MgATP and MgADP [25]. However, experi-
ments with enzyme in which hydrolysis was prevented by
chemical modiﬁcation [26] or mutagenesis [24,26,27] gave sim-
ilar MgATP aﬃnities, thus justifying to take the determined Kd
values as representative for MgATP. In the case of the (nonco-
valent) inhibitor azide it could be demonstrated, using bW148
ﬂuorescence, that the nucleotide species on the catalytic sites is
indeed entirely MgATP [28].
Therefore, to rule out any doubt in our results, we repeated
the MgATP and MgADP titrations in presence of 10 mM so-
dium azide (Fig. 2A). As determined previously [28], the aﬃn-
ities at sites 1 and 2 for both nucleotides are somewhat higher
in presence of azide. The Kd values were as follows: for
MgATP, Kd1 = 2 nM, Kd2 = 0.3 lM, Kd3 = 55 lM; for
MgADP, Kd1 = 4 nM, Kd2 = 2.3 lM, and Kd3 = 63 lM. The
colored lines in Fig. 2B show the theoretical curves for a 1:1
mixture, considering the same three scenarios as in Fig. 1B.
Due to the fact that in presence of azide the aﬃnities of the
three sites are spread out over a larger range, the diﬀerences
between the theoretical curves are greater than in absence of
azide. The individual data points (red dots) in Fig. 2B repre-
sent the experimental results obtained with the 1:1 MgATP:
MgADP mixture. As in absence of azide (Fig. 1C), the exper-
imental data points clearly fall onto the red theoretical line,
demonstrating with even greater certainty that there is no aﬃn-
ity reversal between the sites.
A recent crystal structure suggested that one way to obtain a
catalytic site with preference for MgADP over MgATP might
be to bring the high- and medium-aﬃnity sites into a transi-
tion-state-like state, using MgADP Æ AlFx as ligand. In the
structure [22], the low aﬃnity site was ﬁlled with MgADP. Ac-
cess of MgATP to the site seemed to be blocked by the side
chain of aR376, which occupied some of the space necessary
to accommodate the c-phosphate of the nucleotide.
We incubated bY331W mutant F1 for 30 min with 5 lM
MgADP, either in presence of ﬂuoroaluminate (1 mM AlCl3,
5 mM NaF) or in its absence. The ﬂuorescence signal indicated
(Fig. 3) that under these conditions in absence of ﬂuoroalumi-
nate 1.4 sites were ﬁlled, in its presence close to two (1.8), in
agreement with previous data [22,24,29]. Then we titrated the
resulting complexes with MgATP or the non-hydrolyzable
MgATP analog MgAMPPNP. As can be seen in Fig. 3A,
MgATP was bound to the low-aﬃnity binding sites of both
complexes with very similar aﬃnities (Kd3 = 40 lM), indepen-
dent of absence or presence of ﬂuoroaluminate. These values
are comparable to the Kd3 of 29 lM measured in the MgATP
titration shown in Fig. 1A, without MgADP preincubation.
Essentially the same result was obtained with MgAMPPNP,
where a Kd3 of 55 lM was found with F1 preincubated with
MgADP Æ AlFx, and a Kd3 of 57 lMwith F1 preincubated only
with MgADP (Fig. 3B). The corresponding Kd3 values for
MgADP are 40 lM in presence of ﬂuoroaluminate and
47 lM in its absence [24]. Obviously, all these Mg-nucleotide
binding aﬃnities at site 3 fall within a rather small range, inde-
pendent of the presence of MgADP Æ AlFx on sites 1 and 2 andindependent of the presence of a c-phosphate in the nucleotide.
Therefore, bringing sites 1 and 2 into transition state confor-
mation does not give the low-aﬃnity site a preference for
MgADP. In addition, the data obtained with sites 1 and 2
blocked by MgADP Æ AlFx conﬁrm that site 3 is not involved
in an aﬃnity reversal; site 3 is clearly the low-aﬃnity site for
MgADP as well as for MgATP (or MgAMPPNP).4. Discussion
In light of the high excess of ATP over ADP in the mito-
chondrion or in the bacterial cell under normal physiological
conditions, it would be highly desirable for F1F0-ATP synthase
to have a catalytic site that preferentially binds MgADP over
MgATP, to guarantee eﬃcient ATP synthesis. We tested three
hypotheses predicting the existence of such a site. However,
Fig. 3. Binding of MgATP (A) or MgAMPPNP (B) to the catalytic sites of F1 after preincubation with MgADP (open circles) or MgADP-
ﬂuoroaluminate (ﬁlled circles). Buﬀer was 50 mM Tris/H2SO4, 2.5 mM MgSO4, pH 8.0. The horizontal lines indicate the number of occupied sites
after preincubation with 5 lMMgADP (dotted line) or 5 lMMgADP-ﬂuoroaluminate (solid line), before addition of MgATP or MgAMPPNP. The
x-axis scale represents the total Mg-nucleotide concentration, i.e. MgADP (±ﬂuoroaluminate) and MgATP (A) or MgADP (±ﬂuoroaluminate) and
MgAMPPNP (B).
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with a medium aﬃnity for MgADP does not have a low aﬃn-
ity for MgATP, as implied in [17,18]. Second, the high-aﬃnity
site for MgATP has also the highest aﬃnity for MgADP, in
contrast to the model suggested in [19,20]. Third, converting
sites 1 and 2 into a transition-state-like conformation by ﬁlling
them with MgADP-ﬂuoroaluminate does not reduce the aﬃn-
ity of site 3 for MgATP (or MgAMPPNP), let alone prevent
binding of nucleoside triphosphates altogether, as suggested
in [22].
The experiments presented here do certainly not exclude
that under certain physiological or experimental conditions
one of the catalytic sites might actually have a higher aﬃnity
for MgADP than for MgATP. Speciﬁcally, the aﬃnity mea-
surements were performed in absence of an electrochemical
proton gradient. However, according to the three hypotheses
tested here, the proposed catalytic site with a higher aﬃnity
for MgADP than for MgATP should not depend on the
presence of a proton gradient. The hypotheses are either
based on crystal structures of puriﬁed F1 [21,22], where obvi-
ously no proton gradient can be applied, or they list as sup-
port other experimental evidence that was obtained with
puriﬁed F1 [30].
As mentioned in Section 1, comparison of KM (MgADP)
and Ki (MgATP) values for ATP synthesis suggest that in pres-
ence of an electrochemical proton gradient the site that binds
incoming substrate indeed has a preference for MgADP over
MgATP. Several mechanisms can be envisioned as to how
the presence of a proton gradient might aﬀect the relative aﬃn-
ities for MgATP and MgADP. A possible initial step would be
a partial rotation of c, driven by translocation of a single pro-
ton. This partial c rotation could be the reversal of the second,
smaller (40) rotational substep observed during ATP hydroly-
sis [31,32], and lead to conformational changes in the catalytic
binding site, perhaps transmitted via the DELSEED-loop in
the C-terminal domain of b [33]. The conformational changes
could create a phosphate binding pocket [6,34]. Presence of Piwould prevent MgATP from binding to the site, while still
allowing MgADP binding. An alternative suggestion would
be a mechanism where, in presence of an electrochemical pro-
ton gradient, closure of the binding site could only occur with
MgADP as ligand, not with MgATP, ‘‘perhaps controlled by a
residue reaching into the binding space of the c-phosphate’’
[16]. aR376 certainly remains a viable candidate for this func-
tion. The data presented here just show that binding of transi-
tion state analog MgADP Æ AlFx in both sites 1 and 2
simultaneously does not necessarily bring the side chain of
aR376 into a conformation where it can prevent ATP binding
to site 3. Finally, it should be noted that a role of the e-subunit
in regulation and diﬀerentiation of the pathways for ATP
synthesis and ATP hydrolysis has been discussed [35,36].
An important open question regarding the catalytic sites is
the identiﬁcation of the high-aﬃnity site in reference to the
three catalytic sites, bDP, bTP, and bE (or bHC), seen by X-
ray crystallography (see e.g. [21,22]). In all available structures
the bDP site and the bTP site, which together must represent the
high- and the medium-aﬃnity sites, look so similar that it is
diﬃcult to rationalize diﬀerences in binding energy for Mg2+-
nucleotide of 9–13 kJ/mol, as expected based on diﬀerences be-
tween the Kd1 and Kd2 values for MgATP, MgADP or MgITP
[7,23,37]. Some arguments have been presented for bDP repre-
senting the high-aﬃnity site [21,22,38,39]. On the other hand,
taking into account the observed direction of rotation during
MgATP hydrolysis [40] and the measured ratio of bound
MgATP:MgADP during steady state-catalysis [25], it has to
be postulated that bTP carries the high-aﬃnity site (see e.g.
[6,41]). Identiﬁcation of the high-aﬃnity site is crucial for fur-
ther dissection of the catalytic mechanism, because in all like-
lihood only the high-aﬃnity binding site performs catalysis at
any given point of time.
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